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(54) CATALYST FOR PREPARATION OF SYNTHESIS GAS AND PROCESS FOR PREPARING 
CARBON MONOXIDE 



(57) Disclosed are a catalyst for producing a syn- 
thesis gas using a carbon-containing organic compound 
as a raw material and a process for producing carbon 
monoxide. The catalyst for producing a synthesis gas is 
composed of a carrier formed of a metal oxide and at 
least one catalytic metal selected from rhodium, ruthe- 
nium, iridium, palladium and platinum and supported on 
the carrier and is characterized in that the catalyst has a 
specific surface area of 25 m 2 /g or less, in that the elec- 
tronegativity of the metal ton of the carrier metal oxide is 
1 3.0 or less and in that the amount of the supported cat- 
alytic metal is 0 0005-0.1 mole %, in terms of a metal, 
based on the carrier metai oxide. The process for pro- 
ducing carbon monoxide includes a step of reacting a 
carbon-containing organic compound with carbon diox- 
ide in a pressurized condition to produce a synthesis 
gas, and a step of concentrating carbon monoxide in the 
thus obtained synthesis gas and is characterized in that 



the above-described catalyst is used as a catalyst in the 
synthesis gas producing step. 
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Description 

Technical Field: 

[0001] The present invention relates to a catalyst for 
producing a synthesis gas and to a process for the pro- 
duction of carbon monoxide. 

Background Art: 

[0002] A synthesis gas is a mixed gas containing 
hydrogen and carbon monoxide and is widely used as a 
raw material for the synthesis of ammonia, methanol, 
acetic acid, etc. 

[0003] Such a synthesis gas may be produced by 
reaction of a hydrocarbon with steam and/or carbon 
dioxide in the presence of a catalyst. In the reaction, 
however, carbon deposition reactions occur as side 
reactions to cause carbon deposition which brings 
about a problem of catalyst poisoning. 
[0004] The raw materials for the carbon deposition are 
a carbon-containing organic compound used as a raw 
material and CO produced in situ. The carbon deposi- 
tion is accelerated as the partial pressures of these raw 
materials increase. Therefore, it is possible to reduce 
the amount of the carbon deposition by increasing the 
feed amount of steam and carbon dioxide while reduc- 
ing the reaction pressure. In this case, however, it is 
necessary to excessively use steam and carbon dioxide 
in order to reduce the partial pressures of the carbon- 
containing organic compound and CO, so that several 
disadvantages are caused. For example, consumption 
of heat energy required for preheating steam and car- 
bon dioxide increases. Further, costs for the separation 
of these gases from the product increase. Moreover, 
since a large reaction apparatus is required, the appara- 
tus costs increase. 

[0005] JP-A-5-208801 discloses a carbon dioxide- 
reforming catalyst containing a Group VIII metal sup- 
ported on high purity, super-fine single crystal magne- 
sium oxide. JP-A-6-279003 discloses a carbon dioxide- 
reforming catalyst containing a ruthenium compound 
supported on a carrier composed of a compound of at 
least one alkaline earth metal oxide and aluminum 
oxide. JP-A-9-1 68740 discloses a carbon dioxide- 
reforming catalyst containing rhodium supported on a 
carrier formed of a Group ll-IV metal oxide or a lantha- 
noid metal oxide or a composite carrier composed of the 
above metal oxide and alumina The reaction experi- 
ments using these catalysts are performed under ambi- 
ent pressure. At a high pressure, which is industrially 
significant, these catalysts show a high carbon deposi- 
tion activity and, hence, are not satisfactory as industri- 
ally applicable catalysts. 

[0006] Carbon monoxide is widely utilized as a raw 
material for the synthesis of industrial products by, for 
example, hydroformylation. Carbon monoxide is gener- 
ally produced by the reforming of methane with steam 



according to the reaction shown below to obtain a syn- 
thesis gas, from which carbon monoxide is subse- 
quently separated: 

5 CH 4 + H 2 0 * H 2 + CO. 

[0007] In this reaction, however, only 1 mole of carbon 
monoxide is produced per 3 mole of hydrogen. Thus, 
the process for the production of carbon monoxide is not 
w efficient. In contrast, the reforming of methane with car- 
bon dioxide proceeds as follows: 

CH 4 + C0 2 * 2H 2 + 2CO. 

is Thus, hydrogen and carbon monoxide are produced in 
an equimolar amount so that this process is more effi- 
cient than the reforming with steam. In this case, when 
carbon dioxide is added in excess relative to methane, 
carbon monoxide is produced from carbon dioxide and 

20 hydrogen by the following reverse shifting reaction: 

C0 2 + H 2 ^ CO + H 2 0, 

so that the concentration of carbon monoxide in the 
25 product gas further increases. Therefore, the reforming 
with carbon dioxide is effective in the production of car- 
bon monoxide. However, the product gas obtained by 
this reaction has a composition in an equilibrium which 
favors the carbon deposition, so that the catalyst used 
30 for this reaction causes considerable deactivation of the 
catalyst. 

[0008] The objects of the present invention are: 

(1) to provide a catalyst for use in a process for the 
35 production of a synthesis gas by reaction of a car- 
bon-containing organic compound with steam 
and/or carbon dioxide, which catalyst has sup- 
pressed carbon deposition activity; 

(2) to provide a catalyst for use in a process for the 
40 production of a synthesis gas by reaction of a car- 
bon-containing organic compound with oxygen, 
which catalyst has suppressed carbon deposition 
activity; and 

(3) to provide a process which includes a step of 
45 reacting a carbon -containing organic compound 

with carbon dioxide to produce a synthesis gas, and 
a step of concentrating carbon monoxide in the thus 
obtained synthesis gas and which can produce car- 
bon monoxide in an economically favorable manner 
so by using a catalyst having suppressed carbon dep- 
osition activity in the synthesis gas producing step. 

[0009] Other objects of the present invention will be 
understood from the following description of the specif i- 
55 cation. 
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Disclosure of the Invention 

[0010] The present inventors have made an intensive 
study to accomplish the above-described objects and, 
as a result, have completed the present invention. 5 
[001 1 ] in accordance with the present invention there 
is provided a catalyst for producing a synthesis gas 
comprising a carrier formed of a metal oxide and at least 
one catalytic metal selected from rhodium, ruthenium, 
iridium, palladium and platinum and supported on said ic 
carrier, characterized in that said catalyst has a specific 
surface area of 25 m 2 /g or less, in that the electronega- 
tivity of the metal ion of said carrier metal oxide is 13.0 
or less and in that the amount of said supported cata- 
lytic metal is 0.0005-0.1 mole %, in terms of a metal, is 
based on said carrier metal oxide. 
[0012] The present invention also provides a process 
for producing carbon monoxide, which comprises a step 
of reacting a carbon-containing organic compound with 
carbon dioxide at an elevated temperature in a pressu- 2c 
rized condition in the presence of a catalyst to produce 
a synthesis gas, and a step of concentrating carbon 
monoxide in the thus obtained synthesis gas, said proc- 
ess being characterized in that said catalyst comprises 
a carrier formed of a metal oxide and at least one cata- 25 
lytic metal selected from rhodium, ruthenium, iridium, 
palladium and platinum and supported on said carrier, 
in that said catalyst has a specific surface area of 25 
m 2 /g or less, in that the electronegativity of the metal ion 
of said carrier metal oxide is 1 3.0 or less and in that the 3c 
amount of said catalytic metal is 0.O005-O.1 mole %, in 
terms of metal, based on said carrier metal oxide. 
[001 31 The catalyst of the present invention is used for 
the production of a synthesis gas using a carbon-con- 
taining organic compound as a raw material. In this 35 
case, the processes for producing a synthesis gas 
include various conventionally known processes, for 
example, (i) a process in which a carbon -containing 
organic compound is reacted with steam, (ii) a process 
in which a carbon-containing organic compound is 4c 
reacted with carbon dioxide, (iii) a process in which a 
carbon-containing organic compound is reacted with a 
mixture of steam with carbon dioxide and (iv) a process 
in which a carbon-containing organic compound is 
reacted with oxygen. 46 
[0014] The catalyst of the present invention contains 
at least one catalytic metal selected from rhodium (Rh), 
ruthenium (Ru), iridium (Ir), palladium (Pd) and platinum 
(Pt) supported on a carrier metal oxide having specific 
characteristics, in this case, the catalytic metal can be so 
supported in the form of a metallic state or in the form of 
a metal compound such as an oxide. 
[001 5] The catalyst of the present invention is charac- 
terized in that the catalyst has activity required for con- 
verting a carbon-containing organic compound into a ss 
synthesis gas while exhibiting a function to significantly 
suppress side reactions of carbon deposition reactions. 
[001 6] The catalyst according to the present invention 



can significantly suppress the carbon deposition reac- 
tions is characterized in that: 

(i) the electronegativity of the metal ion of the car- 
rier metal oxide is 13.0 or less; 

(ii) the catalyst has a specific surface area of 25 
m 2 /g or less; and 

(iii) the amount of the supported catalytic metal is 
0 0005-0 1 mole % based on the carrier metal 
oxide. Such a catalyst having a considerably sup- 
pressed carbon deposition activity has been first 
found by the present inventors. 

[0017] The metal oxide used as a carrier may be a sin- 
gle metal oxide or a mixed metal oxide. In the present 
invention, the electronegativity of the metal ion in the 
carrier metal oxide is 13 or less, preferably 12 or less, 
more preferably 10 or less. The lower limit is about 4. 
Thus, the electronegativity of the metal ion in the carrier 
metal oxide used in the present invention is 4-13, pref- 
erably 4-12. The electronegativity of the metal ion in the 
metal oxide in excess of 13 is not preferable, because 
carbon deposition occurs significantly. 
[0018] The electronegativity of the metal ion in the 
metal oxide is defined by the following formula: 

Xi = (1 + 2i)Xo 

wherein 

Xi: electronegativity of the metal ion 
Xo: electronegativity of the metal 
i: valence electron number. 

[0019] When the metal oxide is a mixed metal oxide, 
an average electronegativity of the metal ions is used. 
The average value is a sum of the products of the elec- 
tronegativity of each of the metal ions contained in the 
mixed metal oxide by the molar fraction of the corre- 
sponding metal oxide of the mixed metal oxide. 
[0020] The electronegativity (Xo) of a metal is in 
accordance with Pauling. The electronegativity in 
accordance with Pauling is as shown in "W. J. Moore 
Physical Chemistry, Vol. 1 translated by FUJISHIRO, 
Ryoichi", 4th Edition, Tokyo Kagaku Dojin, p. 707 
(1974), Table 15.4. 

[0021] The electronegativity of metal ion in a metal 
oxide is described in detail in, for example, "Syoku- 
baikoza, vol. 2, p145 (1985) edited by Catalyst Society 
of Japan". 

[0022] The metal oxides may include those containing 
one or at least two metals such as Mg, Ca, Ba, Zn, Al, 
Zr and La. Illustrative of such metal oxides are single 
metal oxides such as magnesia (MgO), calcium oxide 
(CaO), barium oxide (BaO), zinc oxide (ZnO), alumina 
(Al 2 0 3 ), zirconia (ZrG 2 ) and lanthanum oxide (La 2 0 3 ), 
and mixed metal oxides such as MgO/CaO, MgO/BaO, 
MgO/ZnO, MgO/AI 2 0 3 , MgO/Zr0 2 , CaO/BaO, 
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CaO/ZnO, CaO/AI 2 0 3 , CaO/Zr0 2 , BaO/ZnO, 
BaO/AI 2 0 3l BaO/Zr0 2 , ZnO/AI 2 0 3l ZnO/Zr0 2 , 
Al 2 0 3 /Zr0 2 , La 2 0 3 /MgO, La 2 0 3 /Al 2 0 3 and La 2 0 3 /CaO. 
[0023] The catalyst according to the present invention 
having a specific surface area of 25 m 2 /g or less may be 
obtained by calcining a carrier metal oxide before the 
support of a catalytic metal at 300-1, 300°C, preferably 
650-1 ,200°C. After the catalytic metal has been sup- 
ported, the catalytic metal-supported carrier is further 
calcined at 600-1 ,300°C, preferably 650-1, 200°C. It is 
also possible to obtain the catalyst by supporting a cat- 
alytic metal on a carrier metal oxide, followed by the cal- 
cination of the catalytic metal supporting product at 600- 
1,300°C, preferably 650-1 t 200°C. The upper limit of the 
calcination temperature is not specifically limited but is 
generally 1,500°C or less, preferably 1 ,300°C or less. In 
this case, the specific surface area of the catalyst or the 
carrier metal oxide can be controlled by the calcination 
temperature and calcination time. 
[0024] The specific surface area of the catalyst or the 
carrier metal oxide used in the present invention is pref- 
erably 20 m 2 /g or less, more preferably 15 m 2 /g or less, 
most preferably 10 m 2 /g or less. The lower limit of the 
specific surface area is about 0.01 m 2 /g. By specifying 
the specific surface area of the catalyst or the carrier 
metal oxide in which the electronegativity of the metal 
ion is 13 or less in the above range, the carbon deposi- 
tion activity of the catalyst can be significantly sup- 
pressed. 

[0025] The amount of the catalytic metal supported on 
the carrier metal oxide is at least 0.0005 mole %, prefer- 
ably at least 0.001 mole %, more preferably at least 
0.002 mole %, in terms of metal, based on the carrier 
metal oxide. The upper limit is generally 0.1 mole %, 
preferably 0.09 mole %. In the present invention, the 
amount of metal supported is desirably in the range of 
0.0005-0.1 mole%, preferably 0.001-0.1 mole %. 
[0026] In the catalyst of the present invention, the spe- 
cific surface area of the catalyst is substantially the 
same as that of the carrier metal oxide Thus, in the 
present specification, the term "specific surface area of 
a catalyst" is used as having the same meaning as 
"specific surface area of a carrier metal oxide thereof ". 
[0027] The term "specific surface area" referred to in 
the present specification in connection with a catalyst or 
a carrier metal oxide is as measured by the "BET 
method" at a temperature of 15°C using a measuring 
device "SA-100" manufactured by Shibata Science Inc. 
[0028] The catalyst accordng to the present invention 
has a small specific surface area and has an extremely 
small amount of a supported catalytic metal so that the 
carbon deposition activity thereof is considerably sup- 
pressed. Yet, the catalyst has satisfactory activity for 
converting a raw material carbon-containing organic 
compound into a synthesis gas. 
[0029] The catalyst of the present invention may be 
prepared by conventional methods. One preferred 
method of preparing the catalyst of the present inven- 



tion is an impregnation method. To prepare the catalyst 
of the present invention by the impregnation method, a 
catalyst metal salt or an aqueous solution thereof is 
added to and mixed with an aqueous dispersion con- 

5 taining a carrier metal oxide. The carrier metal oxide is 
then separated from the aqueous solution, followed by 
drying and calcination. A method (incipient-wetness 
method) is also effective in which a carrier metal oxide 
is added with a solution of a metal salt little by little in an 

ro amount corresponding to a pore volume to uniformly 
wet the surface of the carrier, followed by drying and cal- 
cination. In these methods, a water soluble salt is used 
as the catalyst metal salt. Such a water soluble salt may 
be a salt of an inorganic acid, such as a nitrate or a 

1S hydrochloride, or a salt of an organic acid, such as an 
acetate or an oxalate. Alternately, a metal acetylaceto- 
nate, etc. may be dissolved in an organic solvent such 
as acetone and the solution may be impregnated into 
the carrier metal oxide. The drying is performed at a 

20 temperature of 100-200°C, preferably 100-150°C when 
the metal oxide is impregnated with an aqueous solu- 
tion of a catalytic metal salt. When the impregnation is 
performed using an organic solvent, the drying is per- 
formed at a temperature higher by 50-1 00°C than the 

25 boiling point of the solvent. The calcination temperature 
and time are adequately selected according to the spe- 
cific surface area of the carrier metal oxide or catalyst 
obtained (the specific surface area of the catalyst). Gen- 
erally, a calcination temperature in the range of 500- 

3 o 1,100°C is used. 

[0030] In the preparation of the catalyst of the present 
invention, the metal oxide used as a carrier may be a 
product obtained by calcining a commercially available 
metal oxide or a commercially available metal hydrox- 
ys ide. The purity of the metal oxide is at least 98 % by 
weight, preferably at least 99 % by weight. It is, however, 
undesirable that components which enhance carbon 
deposition activity or components which are decom- 
posed under reducing conditions, such as metals, e.g. 

40 iron and nickel, and silicon dioxide (Si0 2 ). Such impuri- 
ties in the metal oxide are desired to be not greater than 
1 % by weight, preferably not greater than 0.1 % by 
weight. 

[0031] The catalyst of the present invention may be 
45 used in various forms such as powdery, granular, spher- 
ical, columnar and cylindrical forms. The form may be 
appropriately selected according to the catalytic bed 
system used. 

[0032] The production of a synthesis gas using the 
so catalyst of the present invention may be performed by 
reacting a carbon-containing organic compound with 
steam and/or carbon dioxide (C0 2 ) or by reacting a car- 
bon-containing organic compound with oxygen in the 
presence of the catalyst. As the carbon-containing 
55 organic compound, a lower hydrocarbon such as meth- 
ane, ethane, propane, butane or naphtha or a non- 
hydrocarbon compound such as methanol or dimethyl 
ether may be used. The use of methane is preferred. In 
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the present invention, a natural gas (methane gas) con- 
taining carbon dioxide is advantageously used 
[0033] In the case of a method of reacting methane 
with carbon dioxide (C0 2 ) (reforming with C0 2 ), the 
reaction is as follows: 5 

CH 4 + C0 2 * 2H 2 +2CO (1) 

[0034] In the case of a method of reacting methane 
with steam (reforming with steam), the reaction is as fol- 10 
lows: 

CH 4 + H 2 0 * 3H 2 + CO (2) 

[0035] In the reforming with C0 2 , the reaction temper- 15 
ature is 500-1 ,200°C, preferably 600-1, 000°C and the 
reaction pressure is an elevated pressure of 5-40 
kg/crr^G, preferably 5-30 kg/cm 2 G When the reaction 
is performed with a packed bed system, the gas space 
velocity (GHSV) is 1,000-10,000 hr*\ preferably 2,000- 2c 
8,000 hr" 1 . The amount of C0 2 relative to the raw mate- 
rial carbon-containing organic compound is 20-0.5 
mole, preferably 10-1 mole, per mole of carbon of the 
raw material compound. 

[0036] In the reforming with steam, the reaction tern- 25 
perature is 600-1 ,200°C, preferably 600-1 ,000°C and 
the reaction pressure is an elevated pressure of 1-40 
kg/crrfG, preferably 5-30 kg/cm 2 G. When the reaction 
is performed with a packed bed system, the gas space 
velocity (GHSV) is 1,000-10,000 hr 1 , preferably 2,000- so 
8,000 hr" 1 . The amount of steam relative to the raw 
material carbon-containing organic compound is 0.5-5 
moles, preferably 1-2 moles, mare preferably 1-1.5 
moles, per mole of carbon of the raw material com- 
pound. 35 
[0037] In the reforming with steam according to the 
present invention, it is possible to produce a synthesis 
gas in an industrially favorable manner while suppress- 
ing the carbon deposition, even when the amount of 
steam (H 2 0) is maintained 2 moles or less per mole of 4G 
carbon of the raw material compound. In view of the fact 
that 2-5 moles of steam per mole of carbon in the raw 
material compound is required in the conventional 
method, the catalyst of the present invention, which can 
permit the reforming reaction to smoothly proceed with 4S 
an amount of steam of 2 moles or less, has a great 
industrial merit. 

[0038] The catalyst of the present invention is favora- 
bly used as a catalyst for reacting a carbon-containing 
organic compound with a mixture of steam and CG 2 In so 
this case, the mixing proportion of steam and C0 2 is not 
specifically limited but is generally such as to provide a 
H 2 0/C0 2 molar ratio of 0.1-10. 

[0039] When a carbon-containing organic compound 
is reacted with oxygen using the catalyst of the present ss 
invention, the carbon-containing organic compound 
may be such a hydrocarbon or non-hydrocarbon 
organic compound as described previously and is pref- 



erably methane. As the source of oxygen, there may be 
used oxygen, air or oxygen-rich air. In the present inven- 
tion a natural gas (methane gas) containing carbon 
dioxide is advantageously used as a reaction raw mate- 
rial. 

[0040] In the case of the reaction of methane with oxy- 
gen, the reaction is as shown below: 

CH 4 + 1/20 2 ^CO + 2H 2 (3) 

[0041] In partial oxidation of the carbon-containing 
organic compound, the reaction temperature is 500- 
1 ,500°C, preferably 700-1 ,200°C and the reaction pres- 
sure is an elevated pressure of 5-50 kg/cm 2 G, prefera- 
bly 10-40 kg/cm 2 G. When the reaction is performed with 
a packed bed system, the gas space velocity (GHSV) is 
1,000-50,000 hr* 1 , preferably 2,000-20,000 hr' 1 . The 
amount of oxygen relative to the raw material carbon- 
containing organic compound is such as provide a 
molar ratio of carbon of the raw material carbon-con- 
taining organic compound to oxygen molecules C/0 2 of 
4-0.1 mole, preferably 2-0.5 mole. Since the partial oxi- 
dation method is a greatly exothermic reaction, it is pos- 
sible to adopt a reaction system of autothermic system 
while adding steam and carbon dioxide to the raw mate- 
rial. 

[0042] The above-described various reactions using 
the catalyst of the present invention may be carried out 
with various catalyst systems such as a packed bed 
system, a f luidized bed system, a suspension bed sys- 
tem and a moving bed system. 

[0043] A process for the production of carbon monox- 
ide according to the present invention includes, as a first 
step, a synthesis gas producing step. The first step is 
carried out by reacting a carbon-containing organic 
compound with carbon dioxide in the presence of a cat- 
alyst. In this case, the previously described catalyst is 
used as the synthesis gas production catalyst. 
[0044] In the reaction of the carbon-containing organic 
compound with carbon dioxide (reforming with CO^, 
the reaction temperature is 500-1, 200°C, preferably 
600-1, 000°C and the reaction pressure is an elevated 
pressure of 1-40 kg/cm 2 G, preferably 5-30 kg/cm 2 G. 
When the reaction is performed with a packed bed sys- 
tem, the gas space velocity (GHSV) is 1 ,000-10,000 hr* 
1 , preferably 2,000-8,000 hr" 1 . The amount of carbon 
dioxide relative to the raw material carbon-containing 
organic compound is 1-10 moles, preferably 1-5 moles, 
more preferably 1-3 moles, per mole of carbon of the 
raw material compound. 

[0045] In the reforming with C0 2 according to the 
present invention, a synthesis gas can be produced in 
an industrially advantageous manner while preventing 
carbon deposition, even when the amount of C0 2 is 
maintained no more than 3 moles per mole of carbon of 
the raw material compound. 

[0046] The above-described reforming with C0 2 may 
be carried out with various catalyst systems such as a 
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packed bed system, afluidized bed system, a suspen- 
sion bed system and a moving bed system and is pref- 
erably performed using a packed bed system 
[0047] As a result of the above-described reforming 
with C0 2 , a synthesis gas containing hydrogen and car- 5 
bon monoxide is obtained. When methane is used as a 
raw material, the synthesis gas has, for example, a com- 
position containing 10-30 vol % of H 2 , 35-45 vol % of 
CO, 5-40 vol % of unreacted C0 2 , 0-30 vol % of unre- 
ached CH 4 and 5-20 vol % of H 2 0. 10 
[0048] In the second step of the present invention, the 
thus obtained synthesis gas is used as a raw material 
and carbon monoxide (CO) is concentrated therefrom. 
The CO concentration may be carried out by a custom- 
arily employed CO concentration method such as a cry- is 
ogenic separation and a absorption method using an 
aqueous copper salt solution as an absorbent. 

Example: 

20 

[0049] The present invention will be further described 
in detail below by examples. 

Catalyst Preparation Example 1 

25 

[0050] The particle size of aluminum oxide calcined at 
650°C for 1.5 h (hour) in air was adjusted to 0 27-0.75 
mm. Thereafter, Ru was supported on the aluminum 
oxide by an impregnation method (incipient-wetness 
method). This was further calcined at 1 ,000°C in air to 30 
obtain a Ru-supporting Al 2 0 3 catalyst (Ru content was 
3.0x10" 4 g per 1 g of Al 2 0 3 and, in terms of molar 
amount, 0.03 mol %). The above impregnated material 
was obtained by adding dropwise an aqueous solution 
of ruthenium(lll) chloride extremely little by little to the 35 
calcined Al 2 0 3 , with mixing by shaking after each drop- 
wise addition. The Ru concentration in the aqueous 
solution of ruthenium(lll) chloride added dropwise was 
0.05 % by weight. The impregnated material was dried 
at 120°C for 2.5 h in air and calcined at 1 ,000°C for 1 .5 to 
h in the same atmosphere to obtain the Ru-supporting 
Al 2 0 3 catalyst (surface area: 18.6 m 2 /g). The electron- 
egativity Xi of Al 3+ of Al 2 0 3 is 11.3. 

Catalyst Preparation Example 2 

[0051] The particle size of zirconium oxide calcined at 
600°C for 2 h in air was adjusted to 0.27-0.75 mm. 
Thereafter, Rh was supported on the zirconium oxide by 
an impregnation method. This was further calcined at so 
970°C in air to obtain a Rh-supporting Zr0 2 catalyst (Rh 
content was 8.4x10~ 6 g per 1 g of Zr0 2 and, in terms of 
molar amount, 0.001 mol %). The above impregnated 
material was obtained by adding dropwise an aqueous 
solution of rhodium(lll) acetate extremely little by little to 5S 
the calcined Zr0 2 , with mixing by shaking after each 
dropwise addition. The Rh concentration in the aqueous 
solution of rhodium(lll) acetate added dropwise was 



0.0065 % by weight. The impregnated material was 
dried at 120°C for 2.5 h in air and calcined at 970°C for 
2 h in the same atmosphere to obtain the Rh-supporting 
Zr0 2 catalyst (surface area: 8.6 m 2 /g). The electroneg- 
ativity Xi of Zr 4+ of Zr0 2 is 12.0. 

Catalyst Preparation Example 3 

[0052] The particle size of magnesium oxide (magne- 
sia) calcined at 600°C for 2 h in air was adjusted to 0.27- 
0.75 mm. Thereafter, Rh was supported on the magne- 
sium oxide by an impregnation method. This was further 
calcined at 1,100°C in air to obtain a Rh-supporting 
MgO catalyst (Rh content was 2.6x1 0" 3 g per 1 g of Mg 
and, in terms of molar amount, 0.1 mol %). The above 
impregnated material was obtained by adding dropwise 
an aqueous solution of rhodium(HI) acetate extremely 
little by little to the calcined MgO, with mixing by shaking 
after each dropwise addition. The Rh concentration in 
the aqueous solution of rhodium(lll) acetate added 
dropwise was 1.7 % by weight. The impregnated mate- 
rial was dried at 120°C for 2.5 h in air and calcined at 
1,100°C for 2 h in the same atmosphere to obtain the 
Rh-supporting MgO catalyst (surface area: 0.6 m 2 /g). 
The electronegativity Xi of Mg 2+ of MgO is 6.6. 

Catalyst Preparation Example 4 

[0053] Rh was supported on magnesium oxide (in the 
form of 1/8 inch pellets), calcined at 1,100°C for 3 h in 
air, by an impregnation method. This was further cal- 
cined at 400°C in air to obtain a Rh-supporting MgO cat- 
alyst (Rh content was 1.5x10' 3 g per 1 g of MaO and, in 
terms of molar amount 0.06 mol %). The above impreg- 
nated material was obtained by soaking the calcined 
MgO pellets in an aqueous solution of rhodium(lll) ace- 
tate having a Rh concentration of 1 .0 % by weight for 
about 3 h. The impregnated material was then dried at 
120°C for 2.5 h in air and calcined at 400°C for 3 h in the 
same atmosphere to obtain the Rh-supporting MgO cat- 
alyst (surface area: 0.7 m 2 /g). The electronegativity Xi 
of Mg2 + of MgO is 6.6. 

Catalyst Preparation Example 5 

[0054] Rh was supported on magnesium oxide (in the 
form of 1/8 inch pellets), calcined at 1,100°C for 3 h in 
air, by an impregnation method. This was further cal- 
cined at 1,000°C in air to obtain a Rh-supporting MgO 
catalyst (Rh content was 2.6x10" 5 g per 1 g of MgO and, 
in terms of molar amount, 0.001 mol %). The above 
impregnated material was obtained by soaking the cal- 
cined MgO pellets in an acetone solution of rhodium(lll) 
acetylacetonate having a Rh concentration of 0.017 % 
by weight for about 3 h. The impregnated material was 
then dried at 120°C for 2.5 h in air and calcined at 
1 ,000°C for 3 h in the same atmosphere to obtain the 
Rh-supporting MgO catalyst (surface area: 0.6 m 2 /g). 
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The electronegativity Xi of Mg 2+ of MgO is 6.6. 
Catalyst Preparation Example 6 

[0055] Rh was supported on magnesium oxide (in the 
form of 1/8 inch pellets), containing 5 mol % of calcium 
oxide and calcined at 1,100°C for 3 h in air, by an 
impregnation method. This was further calcined at 
950°C in air to obtain a Rh-supporting CaO/MgO cata- 
lyst (Rh content was 7.5x1 0* 4 g per 1 g of CaO/MgO 
and, in terms of molar amount, 0.03 mol). The above 
impregnated material was obtained by soaking the cal- 
cined CaO/MgO pellets in an aqueous solution of rho- 
dium(lll) acetate having a Rh concentration of 0.5 % by 
weight for about 3 h. The impregnated material was 
then dried at 1 20°C for 2.5 h in air and calcined at 950°C 
for 3 h in the same atmosphere to obtain the Rh-sup- 
porting CaO/MgO catalyst (surface area: 0.8 rrf/g). The 
average electronegativity Xi of the metal ions of the car- 
rier is 6.5. 

Catalyst Preparation Example 7 

[0056] Rh was supported on magnesium oxide (in the 
form of t/8 inch pellets), containing 10 mol % of lantha- 
num oxide and calcined at 1 ,100 0 C for 3 h in air, by an 
impregnation method. This was further calcined at 
950°C in air to obtain a Rh-supporting La 2 °3M9 0 cat- 
alyst (Rh content was 9.0x1 0" 5 g per 1 g of L^O^gO 
and, in terms of molar amount, 0.006 mol %). The 
above impregnated material was obtained by soaking 
the calcined L^O^gO pellets in an acetone solution 
of rhodium(lll) acetytacetonate having a Rh concentra- 
tion of 0.1 % by weight for about 3 h. The impregnated 
material was then dried at 120°C for 2.5 h in air and cal- 
cined at 950°C for 3 h in the same atmosphere to obtain 
the Rh-supporting L^VMgO catalyst (surface area: 
0.8 m 2 /g). The average electronegativity Xi of the metal 
ions of the carrier is 6.7. 

Catalyst Preparation Example 8 

[0057] The particle size of magnesium oxide calcined 
at 1,000°C for 1.5 h in air was adjusted to 0.27-0.75 
mm. Thereafter, Rh was supported on the magnesium 
oxide by an impregnation method. This was further cal- 
cined at 950°C in air to obtain a Rh-supporting MgO cat- 
alyst (Rh content was 2.6x1 0' 4 g per 1 g of MgO and, in 
terms of molar amount, 0.01 mol %). The above impreg- 
nated material was obtained by adding dropwise an 
aqueous solution of rhodium(lll) acetate extremely little 
by little to the calcined MgO, with mixing by shaking 
after each dropwise addition. The rhodium(lll) acetate 
aqueous solution had a Rh concentration of 0.17 % by 
weight. The Rh-impregnated material was dried at 
120°C for 2.5 h in air and calcined at 950°C for 1 .5 h in 
the same atmosphere to obtain the Rh-supporting MgO 
catalyst (surface area: 5.8 m 2 /g). 



Catalyst Preparation Example 9 

[0058] The particle size of magnesium oxide calcined 
at 920°C for 2 h in air was adjusted to 0.27-0.75 mm. 

5 Thereafter, Ru was supported on the magnesium oxide 
by an impregnation method. This was further calcined at 
920°C in air to obtain a Ru-supporting MgO catalyst (Ru 
content was 1 .5x1 0" 3 g per 1 g of MgO and, in terms of 
molar amount, 0.06 mol %). The above impregnated 

ic material was obtained by adding dropwise an aqueous 
solution of hydrated ruthenium(lll) chloride extremely lit- 
tle by little to the calcined MgO, with mixing by shaking 
after each dropwise addition. The rhodium(lll) chloride 
aqueous solution had a Ru concentration of 1.0 % by 

15 weight. The Rh-impregnated material was dried at 
1 20°C for 2.5 h in air and calcined at 920°C for 2 h in the 
same atmosphere to obtain the Rh-supporting MgO cat- 
alyst (surface area: 9.6 m 2 /g). 

20 Catalyst Preparation Example 10 

[0059] The particle size of magnesium oxide calcined 
at 300°C for 3 h in air was adjusted to 0.27-0.75 mm. 
Thereafter, Ir was supported on the magnesium oxide 

25 by an impregnation method. This was further calcined at 
600°C in air to obtain a Ir-supporting MgO catalyst (Ir 
content was 4.8x1 0" 3 g per 1 g of MgO and, in terms of 
molar amount, 0.10 mol %). The above impregnated 
material was obtained by adding dropwise an aqueous 

3c solution of iridium(IV) chloride extremely little by little to 
the calcined MgO, with mixing by shaking after each 
dropwise addition. The iridium(IV) chloride aqueous 
solution had a Ir concentration of 3.2 % by weight. The 
Rh-impregnated material was dried at 120°C for 2.5 h in 

35 air and calcined at 600°C for 3 h in the same atmos- 
phere to obtain the Ir-supporting MgO catalyst (surface 
area: 24.8 m 2 /g). 

Catalyst Preparation Example 11 

40 

[0060] The particle size of magnesium oxide calcined 
at 500°C for 3 h in air was adjusted to 0.27-0.75 mm. 
Thereafter, Pt was supported on the magnesium oxide 
by an impregnation method. This was further calcined at 

45 750°C in air to obtain a Pt-supporting MgO catalyst (Pt 
content was 4.8x1 0" 3 g per 1 g MgO and, in terms of 
molar amount, 0.10 mol %). The above impregnated 
material was obtained by adding dropwise an aqueous 
solution of chloroplatinic acid ([H 2 PtCI 6 ]) extremely little 

so by little to the calcined MgO, with mixing by shaking 
after each dropwise addition. The chloroplatinic acid 
aqueous solution had a Pt concentration of 3.2 % by 
weight. The Pt-impregnated material was dried at 
120°C for 2.5 h in air and calcined at 750°C for 3 h in the 

55 same atmosphere to obtain the Pt-supporting MgO cat- 
alyst (surface area: 18.4 m 2 /g). 
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Catalyst Preparation Example 12 

[0061] The particle size of magnesium oxide calcined 
at 300°C for 3 h in air was adjusted to 1.2-2.5 mm. 
Thereafter, Rh was supported on the magnesium oxide 
by an impregnation method. This was further calcined at 
950°C in air to obtain a Rh-supporting MgO catalyst (Rh 
content was 1 .0x1 0' 3 g per 1 g of MgO and, in terms of 
molar amount, 0.04 mol %). The above impregnated 
material was obtained by adding dropwise an aqueous 
solution of rhodium(lll) acetate extremely little by little to 
the calcined MgO, with mixing by shaking after each 
dropwise addition. The rhodium(lll) acetate aqueous 
solution had a Rh concentration of 0.68 % by weight. 
The Rh-impregnated material was dried at 120°C for 2.5 
h in air and calcined at 950°C for 3 h in the same atmos- 
phere to obtain the Rh-supporting MgO catalyst (sur- 
face area: 6.0 m 2 /g). 

Catalyst Preparation Example 1 3 

[0062] The particle size of magnesium oxide calcined 
at 930°C for 3 h in air was adjusted to 0.27-0.75 mm. 
Thereafter, Ru was supported on the magnesium oxide 
by an impregnation method. This was further calcined at 
970°C in air to obtain a Ru-supporting MgO catalyst (Ru 
content was 7.5x10 4 g perl g of MgO and, in terms of 
molar amount, 0.03 mol %). The above impregnated 
material was obtained by adding dropwise an aqueous 
solution of ruthenium{lll) chloride extremely little by little 
to the calcined MgO, with mixing by shaking after each 
dropwise addition. The ruthenium(lll) chloride aqueous 
solution had a Ru concentration of 0.50 % by weight. 
The Ru-impregnated material was dried at 1 20°C for 2.5 
h in air and calcined at 970°C for 3 h in the same atmos- 
phere to obtain the Ru-supporting MgO catalyst (sur- 
face area: 5. 2 rr^/g). 

Catalyst Preparation Example 14 

[0063] The particle size of magnesium oxide calcined 
at 350°C for 3 h in air was adjusted to 0.27-0.75 mm. 
Thereafter, Rh was supported on the magnesium oxide 
by an impregnation method. This was further calcined at 
1,050°C in air to obtain a Rh-supporting MgO catalyst 
(Rh content was 2.0x1 0" 3 g per 1 g of Mg and, in terms 
of molar amount, 0.08 mol %). The above impregnated 
material was obtained by adding dropwise an aqueous 
solution of rhodium(MI) acetate extremely little by little to 
the calcined MgO, with mixing by shaking after each 
dropwise addition. The rhodium(lll) acetate aqueous 
solution had a Rh concentration of 1 .3 % by weight. The 
Rh-impregnated material was dried at 1 20°C for 2.5 h in 
air and calcined at 1,050°C for 3 h in the same atmos- 
phere to obtain the Rh-supporting MgO catalyst (sur- 
face area: 1.5 m 2 /g). 



Catalyst Preparation Example 15 

[0064] The particle size of magnesium oxide calcined 
at 950°C for 3 h in air was adjusted to 0.27-0.75 mm. 

5 Thereafter, Ru was supported on the magnesium oxide 
by an impregnation method. This was further calcined at 
950°C in air to obtain a Ru-supporting MgO catalyst (Ru 
content was 2.5x1 0" 4 g per 1 g of MgO and, in terms of 
molar amount, 0.01 mol %). The above impregnated 

10 material was obtained by adding dropwise an aqueous 
solution of ruthenium(lll) chloride hydrate extremely lit- 
tle by little to the calcined MgO, with mixing by shaking 
after each dropwise addition. The ruthenium(lll) chlo- 
ride hydrate aqueous solution had a Ru concentration of 

is 0.17 % by weight. The Ru-impregnated material was 
dried at 120°C for 2.5 h in air and calcined at 950°C for 
3 h in the same atmosphere to obtain the Ru-supporting 
MgO catalyst (surface area: 4.8 m 2 /g). In this case, Ru 
was found to be supported as ruthenium oxide. 

20 

Catalyst Preparation Example 16 

[0065] The particle size of magnesium oxide calcined 
at 300°C for 3 h in air was adjusted to 0.27-0.75 mm. 

25 Thereafter, Rh was supported on the magnesium oxide 
by an impregnation method. This was further calcined at 
1 ,050°C in air to obtain a Rh-supporting MgO catalyst 
(Rh content was 2.3x1 0' 3 g per 1 g of MgO and, in terms 
of molar amount, 0.09 mol %). The above impregnated 

30 material was obtained by adding dropwise an aqueous 
solution of rhodium(ill) acetate extremely little by little to 
the calcined MgO, with mixing by shaking after each 
dropwise addition. The rhooSum(lll) acetate aqueous 
solution had a Rh concentration of 1 .5 % by weight. The 

35 Rh-impregnated material was dried at 1 20°C for 2.5 h in 
air and calcined at 1 ,050°C for 3 h in the same atmos- 
phere to obtain the Rh-supporting MgO catalyst (sur- 
face area: 2.0 m 2 /g). In this case, Rh was found to be 
supported as rhodium oxide. 

40 

Catalyst Preparation Example 1 7 

[0066] The particle size of magnesium oxide calcined 
at 1 ( 000°C for 3 h in air was adjusted to 0.27-0.75 mm. 

45 Thereafter, Rh was supported on the magnesium oxide 
by an impregnation method. This was further calcined at 
950°C in air to obtain a Rh-supporting MgO catalyst (Rh 
content was 1 .5x1 0* 4 g per 1 g of MgO and, in terms of 
molar amount, 0.006 mol %). The above impregnated 

50 material was obtained by adding dropwise an aqueous 
solution of rhodium(lll) acetate extremely little by little to 
the calcined MgO, with mixing by shaking after each 
dropwise addition. The rhodium(lll) acetate aqueous 
solution had a Rh concentration of 0.1 % by weight. The 

55 Rh-impregnated material was dried at 1 20°C for 2.5 h in 
air and calcined at 950°C for 3 h in the same atmos- 
phere to obtain the Rh-supporting MgO catalyst (sur- 
face area: 5.6 m 2 /g). 
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Catalyst Preparation Example 18 

[0067] The particle size of magnesium oxide calcined 
at 500°C for 3 h in air was adjusted to 0.27-0.75 mm. 
Thereafter, Rh and Pt were supported on the magne- 5 
sium oxide by an impregnation method. Thts was further 
calcined at 1,050°C in air to obtain a Rh- and Pt-sup- 
porting MgO catalyst (Rh and Pt contents were 1 8x10" 
3 g and 4.8x1 0* 4 g t respectively, per 1 g of MgO and, in 
terms of molar amount, 0.07 and 0.01 mol %, respec- ic 
tively). The above impregnated material was obtained 
by adding dropwise an aqueous solution of rhodium(lll) 
and chloroplatinic acid ([H 2 PtCI 6 ])acetate extremely lit- 
tle by little to the calcined MgO. with mixing by shaking 
after each dropwise addition. The mixed aqueous solu- is 
tion had Rh and Pt concentrations of 1.2 % by weight 
and 0.32 % by weight, respectively. The Rh- and Pt- 
impregnated material was dried at 120°C for 2.5 h in air 
and calcined at 1 ,050 C C for 3 h in the same atmosphere 
to obtain the Rh- and Pt-supporting MgO catalyst (sur- 20 
face area: 1.4 m 2 /g). 

Comparative Catalyst Preparation Example 1 

[0068] The particle size of magnesium oxide calcined 2s 
at 370°C for 3 h in air was adjusted to 0.27-0.75 mm. 
Thereafter, Rh was supported on the magnesium oxide 
by an impregnation method. This was further calcined at 
370°C in air to obtain a Rh-supporting MgO catalyst (Rh 
content was 2.6x1 0" 3 g per 1 g of MgO and, in terms of 30 
molar amount, 0.10 mol %). The above impregnated 
material was obtained by adding dropwise an aqueous 
solution of rhodium(lll) acetate extremely little by little to 
the calcined MgO, with mixing by shaking after each 
dropwise addition. The rhodium(lll) acetate aqueous 35 
solution had a Rh concentration of 1 .7 % by weight. The 
Rh-impregnated material was dried at 120°C for 2.5 h in 
air and calcined at 370°C for h in the same atmosphere 
to obtain the Rh-supporting MgO catalyst (surface area: 
98 m 2 /g). 40 

Reaction Example 1 

[0069] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 1 was packed in a reactor to perform a 45 
test of reforming methane with C0 2 . 
[0070] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H 2 stream to 
convert oxidized Rh into metallic Rh. A raw material gas 
having a molar ratio of CH 4 :C0 2 = 1 1 was then treated sc 
at a temperature of 850°C and a pressure of 20 
kg/crrfG and with GHSV (methane basis) of 4,000 hr 1 
The CH 4 conversion at 5 h after the commencement of 
the reaction was 55 % (equilibrium CH 4 conversion 
under the experimental condition = 55 %), and the CH 4 55 
conversion at 100 h after the commencement of the 
reaction was 54 %. The term "CH 4 conversion" herein is 
defined by the following formula: 



CH 4 Conversion (%) = (A-B)/A x 100 

A: mole number of CH 4 in the raw material 
B: mole number of CH 4 in the product. 

Reaction Example 2 

[0071 ] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 2 was packed in a reactor to perform a 
test of reforming methane with C0 2 . 
[0072] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H 2 stream. A 
raw material gas having a molar ratio of CH 4 :C0 2 = 1:1 
was then treated at a temperature of 870°C and a pres- 
sure of 10 kg/cm 2 G and with GHSV (methane basis) of 
2,000 hr" 1 . The CH 4 conversion at 5 h after the com- 
mencement of the reaction was 71 % (equilibrium CH 4 
conversion under the experimental condition = 71 %), 
and the CH 4 conversion at 50 h after the commence- 
ment of the reaction was 71 %. 

Reaction Example 3 

[0073] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 3 was packed in a reactor to perform a 
methane reforming test 

[0074] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H2 stream. A 
raw material gas having a molar ratio of CH 4 :C0 2 :H 2 0 
= 1 :0.5:1 .0 was then treated at a temperature of 850°C 
and a pressure of 20 kg/cm 2 G and with GHSV (meth- 
ane basis) of 4,000 hr* 1 . The CH 4 conversion at 5 h after 
the commencement of the reaction was 61.5 % (equilib- 
rium CH 4 conversion under the experimental condition 
= 62 %), and the CH 4 conversion at 400 h after the com- 
mencement of the reaction was 61 .0 %. 

Reaction Example 4 

[0075] The catalyst (20 cc) obtained in Catalyst Prep- 
aration Example 4 was packed in a reactor to perform a 
methane reforming test 

[0076] The catalyst was previously subjected to a t 
reduction treatment at 900°C for 1 h in a H 2 stream to 
convert oxidized Rh into metallic Rh. A raw material gas 
having a molar ratio of CH 4 :C0 2 :H 2 0 = 1:0.5:1.0 was 
then treated at a temperature of 850°C and a pressure 
of 20 kg/cm 2 G and with GHSV (methane basis) of 3,500 
hr" 1 . The CH 4 conversion at 5 h after the commence- 
ment of the reaction was 61.0 % (equilibrium CH 4 con- 
version under the experimental condition = 62.0 %), and 
the CH 4 conversion at 280 h after the commencement 
of the reaction was 61 .0 %. 

Reaction Example 5 

[0077] The catalyst (20 cc) obtained in Catalyst Prep- 
aration Example 5 was packed in a reactor to perform a 
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test of reforming methane with H 2 0. 
[0078] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H 2 stream. A 
raw material gas having a molar ratio of CH 4 :H 2 0 = 1 :2 
was then treated at a temperature of 850°C and a pres- 
sure of 20 kg/cm 2 G and with GHSV (methane basis) of 
2,000 hr" 1 . The CH 4 conversion and the H 2 /CO molar 
ratio of the product gas at 5 h after the commencement 
of the reaction were 72.0 % (equilibrium CH 4 conver- 
sion under the experimental condition = 71 %) and 4.6, 
respectively, and the CH 4 conversion at 280 h after the 
commencement of the reaction was 71 .8 %. 

Reaction Example 6 

[0079] The catalyst (20 cc) obtained in Catalyst Prep- 
aration Example 6 was packed in a reactor to perform a 
test of reforming methane with H 2 0. 
[0080] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H 2 stream. A 
raw material gas having a molar ratio of CH 4 :H 2 0 = 1:1 
was then treated at a temperature of 850°C and a pres- 
sure of 20 kg/crrr^G and with GHSV (methane basis) of 
5,500 hr" 1 . The CH 4 conversion and the H 2 /CO molar 
ratio of the product gas at 5 h after the commencement 
of the reaction were 52.2 % (equilibrium CH 4 conver- 
sion under the experimental condition = 52.3 %) and 
3.8, respectively, and the CH 4 conversion at 250 h after 
the commencement of the reaction was 52.0 %. 

Reaction Example 7 

[0081] The catalyst (20 cc) obtained in Catalyst Prep- 
aration Example 7 was packed in a reactor to perform a 
test of reforming methane with C0 2 . 
[0082] The catalyst was previously subjected to a 
reduction treatment at 920°C for 1 h in a H 2 stream. A 
raw material gas having a molar ratio of CH 4 :CQ 2 = 1:1 
was then treated at a temperature of 850°C and a pres- 
sure of 20 kg/crrfG and with GHSV (methane basis) of 
4,000 hr' 1 . The CH 4 conversion at 5 h after the com- 
mencement of the reaction was 54.0 % (equilibrium 
CH 4 conversion under the experimental condition = 55 
%), and the CH 4 conversion at 380 h after the com- 
mencement of the reaction was 53.5 %. 

Reaction Example 8 

[0083] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 8 was packed in a reactor to perform a 
test of reforming methane with CG 2 . 
[0084] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H 2 stream to 
convert oxidized Rh into metallic Rh. A raw material gas 
having a molar ratio of CH 4 :C0 2 = 1:1 was then treated 
at a temperature of 850°C and a pressure of 20 
kg/cm 2 G and with GHSV (methane basis) of 4,000 hr 1 . 
The CH 4 conversion at 5 h after the commencement of 



the reaction was 55 % (equilibrium CH 4 conversion 
under the experimental condition = 55 %), and the CH 4 
conversion at 320 h after the commencement of the 
reaction was 54 %. 

5 

Reaction Example 9 

[0085] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 9 was packed in a reactor to perform a 

10 test of reforming methane with C0 2 . 

[0086] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H 2 stream. A 
raw material gas having a molar ratio of CH 4 :C0 2 = 1 :1 
was then treated at a temperature of 870°C and a pres- 

is sure of 10 kg/cm 2 G and with GHSV (methane basis) of 
6,000 hr' 1 . The CH 4 conversion at 5 h after the com- 
mencement of the reaction was 71 % (equilibrium CH 4 
conversion under the experimental condition = 71 %), 
and the CH 4 conversion at 520 h after the commence- 

20 ment of the reaction was 71 %. 

Reaction Example 10 

[0087] The catalyst (5 cc) obtained in Catalyst Prepa- 
ys ration Example 10 was packed in a reactor to perform a 
test of reforming methane with C0 2 . 
[0088] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H 2 stream. A 
raw material gas having a molar ratio of CH 4 :C0 2 = 1:1 
30 was then treated at a temperature of 830°C and a pres- 
sure of 5 kg/cm 2 G and with GHSV (methane basis) of 
2,500 hr' 1 . The CH 4 conversion at 5 h after the com- 
mencement of the reaction was 73 % (equilibrium CH 4 
conversion under the experimental condition = 73 %), 
35 and the CH 4 conversion at 100 h after the commence- 
ment of the reaction was 71 %. 

Reaction Example 1 1 

ao [0089] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 1 1 was packed in a reactor to perform a 
methane reforming test. 

[0090] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H 2 stream. A 

45 raw material gas having a molar ratio of CH 4 :C0 2 :H 2 0 
= 1 :0.5:0.5 was then treated at a temperature of 880°C 
and a pressure of 10 kg/cm 2 G and with GHSV (meth- 
ane basis) of 3,000 hr' 1 . The CH 4 conversion at 5 h after 
the commencement of the reaction was 70 % (equilib- 

50 rium CH 4 conversion under the experimental condition 
= 70 %), and the CH 4 conversion at 1 20 h after the com- 
mencement of the reaction was 67 %. 

Reaction Example 12 

55 

[0091 ] Example 8 was repeated in the same manner 
as described except that steam was used in lieu of C0 2 . 
The CH 4 conversions at 5 h and 320 h after the com- 
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mencement of the reaction were 52 % and 51 %, 
respectively. 

Reaction Example 13 

[0092] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 12 was packed in a reactor to perform a 
test of partial oxidation of methane. 
[0093] The catalyst was previously subjected to a 
reduction treatment at 850°C for 1 h in a H 2 stream. A 
raw material gas having a molar ratio of CH 4 :0 2 = 1 0.5 
was then treated at a temperature of 800°C and a pres- 
sure of 20 kg/cm 2 G and with GHSV (methane basis) of 
5,000 hr" 1 . The CH 4 conversion at 5 h after the com- 
mencement of the reaction was 55 % (equilibrium CH 4 
conversion under the experimental condition = 56 %), 
and the CH 4 conversion at 200 h after the commence- 
ment of the reaction was 53 %. 

Reaction Example 14 

[0094] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 13 was packed in a reactor to perform a 
test of partial oxidation of methane. 
[0095] The catalyst was previously subjected to a 
reduction treatment at 800°C for 1 h in a H 2 stream. A 
raw material gas having a molar ratio of CH 4 :0 2 = 1 :0.5 
was then treated at a temperature of 750°C and a pres- 
sure of 15 kg/cm 2 G and with GHSV (methane basis) of 
4,000 hr* 1 . The CH 4 conversion at 5 h after the com- 
mencement of the reaction was 52 % (equilibrium CH 4 
conversion under the experimental condition - 52 %), 
and the CH 4 conversion at 150 h after the commence- 
ment of the reaction was 50 %. 

Reaction Example 15 

[0096] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 1 4 was packed in a reactor to perform a 
test of partial oxidation of methane. 
[0097] The catalyst was previously subjected to a 
reduction treatment at 1,100°C for 1 h in a H 2 stream. A 
raw material gas having a molar ratio of CH 4 :0 2 :H 2 0 = 
1 ;0.5:0.5 was then treated at a temperature of 1,000°C 
and a pressure of 20 kg/cm 2 G and with GHSV (meth- 
ane basis) of 5,000 hr" 1 . The CH 4 conversion at 5 h after 
the commencement of the reaction was 93 % (equilib- 
rium CH 4 conversion under the experimental condition 
= 94 %), and the CH 4 conversion at 100 h after the com- 
mencement of the reaction was 93 %. 

Reaction Example 16 

[0098] Using two interconnected reactors, an 
automthermal reforming test was carried out. A raw 
material gas having a molar ratio of CH 4 :0 2 = 1:0.25 
was fed to a first reactor with GHSV (based on a catalyst 
contained in a second reactor) of 6,000 hr 1 and sub- 



jected to a combustion reaction at a temperature of 
950°C and a pressure of 25 kg/cm 2 G. To the second 
reactor, a gas discharged from the first reactor, oxygen 
and carbon dioxide were added (molar ratio of CH 4 (as 

5 raw material CH 4 fed to the first reactor) :0 2 :C0 2 = 
1 :0. 25:0.5), so that a reforming reaction was carried out 
using the catalyst (5 cc) obtained in Catalyst Prepara- 
tion Example 17. The catalyst was previously subjected 
to a reduction treatment at 950°C for 1 h in a H 2 stream. 

1C . The reaction conditions included a temperature of 
850°C and a pressure of 25 kg/cm 2 G. After 5 h from the 
commencement of the reaction, the CH 4 conversion 
was 71 .8 % and the contents of H 2 and CO in the prod- 
uct gas were 33.8 mol % and 30.0 mol %, respectively. 

r£ The CH 4 conversion at 200 h after the commencement 
of the reaction was 71 .6 %. 

Reaction Example 17 

20 [0099] Using two interconnected reactors, an auto- 
thermal reforming test was carried out. A raw material 
gas having a molar ratio of CH 4 :0 2 = 1 0.5 was fed to a 
first reactor with GHSV (based on a catalyst contained 
in a second reactor) of 5,000 hr" 1 and subjected to a 

25 combustion reaction at a temperature of 1 ,050°C and a 
pressure of 25 kg/cm 2 G. To the second reactor, a gas 
discharged from the first reactor and carbon dioxide 
were added (molar ratio of CH 4 (as raw material CH 4 fed 
to the first reactor):C0 2 = 1:0.5) so that a reforming 

30 reaction was carried out using the catalyst (5 cc) 
obtained in Catalyst Preparation Example 1 8. The cata- 
lyst was previously subjected to a reduction treatment at 
850°C for 1 h in a H 2 stream. The reaction conditions 
included a temperature of 700°C and a pressure of 20 

35 kg/cm 2 G. After 5 h from the commencement of the reac- 
tion, the CH 4 conversion was 46.7 % and the contents 
of H 2 and CO in the product gas were 19.6 mol % and 
16.1 mol %, respectively. The CH 4 conversion at 150 h 
after the commencement of the reaction was 46.5 %. 

40 

Comparative Reaction Example 1 

[0100] A test of reforming methane with C0 2 was per- 
formed in the same manner as described in Reaction 
45 Example 1 except that the catalyst (5 cc) prepared in 
Comparative Catalyst Preparation Example 1 was used. 
In this case, the CH 4 conversions at 5 h and 15 h after 
the commencement of the reaction were 40 % and 8 %, 
respectively. 

sc 

Comparative Reaction Example 2 

[01 01 ] A test of reforming methane with H 2 0 was per- 
formed in the same manner as described in Reaction 
55 Example 6 except that the catalyst prepared in Compar- 
ative Catalyst Preparation Example 1 was used. In this 
case, the CH 4 conversions at 5 h and 20 h after the 
commencement of the reaction were 45 % and 10 %, 
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respectively. 

Comparative Reaction Example 3 

[0102] A reaction experiment was performed in the 
same manner as described in Reaction Example 13 
except that the catalyst prepared in Comparative Cata- 
lyst Preparation Example 1 was used. In this case, the 
CH 4 conversions at 5 h and 40 h after the commence- 
ment of the reaction were 13 % and 9 %, respectively. 

Reaction Example 18 

[0103] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 1 7 was packed in a reactor to perform a 
test of reforming methane with C0 2 . 
[0104] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H 2 stream to 
convert oxidized Rh into metallic Rh. A raw material gas 
having a molar ratio of CH 4 :C0 2 = 1 :3 was then treated 
at a temperature of 850°C and a pressure of 25 
kg/cm 2 G and with GHSV (methane basis) of 6,000 hr 1 . 
After 5 h from the commencement of the reaction, the 
CH 4 conversion was 86.1 % (equilibrium CH 4 conver- 
sion under the experimental condition = 86.1 %) and the 
CO/H 2 molar ratio of the product gas was 2.2. The CH 4 
conversion at 280 h after the commencement of the 
reaction was 85.7 %. 

Reaction Example 19 

[0105] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 7 was packed in a reactor to perform a 
test of reforming methane with C0 2 . 
[0106] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H 2 stream. A 
raw material gas having a molar ratio of CH 4 :C0 2 = 1 :5 
was then treated at a temperature of 830°C and a pres- 
sure of 20 kg/crr^G and with GHSV (methane basis) of 
5,500 hr 1 . After 5 h from the commencement of the 
reaction, the CH 4 conversion was 95.7 % (equilibrium 
CH 4 conversion under the experimental condition = 
95.8 %) and the CO/H 2 molar ratio of the product gas 
was 3.2. The CH 4 conversion at 400 h after the com- 
mencement of the reaction was 95.4 %. 

Reaction Example 20 

[0107] The catalyst (5 cc) obtained in Catalyst Prepa- 
ration Example 9 was packed in a reactor to perform a 
test of reforming methane with C0 2 . 
[0108] The catalyst was previously subjected to a 
reduction treatment at 900°C for 1 h in a H 2 stream. A 
raw material gas having a molar ratio of CH 4 :C0 2 = 1:1 
was then treated at a temperature of 800°C and a pres- 
sure of 20 kg/crr^G and with GHSV (methane basis) of 
4,000 hr' 1 . After 5 h from the commencement of the 
reaction, the CH 4 conversion was 45.5 % (equilibrium 



CH 4 conversion under the experimental condition = 
45.5 %) and the CO/H 2 molar ratio of the product gas 
was 1.6. The CH 4 conversion at 150 h after the com- 
mencement of the reaction was 45.2 %. 

5 

Comparative Reaction Example 4 

[0109] Methane reforming with C0 2 was repeated in 
the same manner as described in Reaction Example 20 

10 except that 5 cc of the catalyst obtained in Comparative 
Catalyst Preparation Example 1 was used. After 5 h 
from the commencement of the reaction, the CH 4 con- 
version was 42.0 % (equilibrium CH 4 conversion under 
the experimental condition = 45.5 %) and the CO/H 2 

is molar ratio of the product gas was 1 .7. The CH 4 conver- 
sion at 15 h after the commencement of the reaction 
was 5.0 %. 

CO Concentration Example 1 

20 

[0110] The synthesis gas obtained in Reaction Exam- 
ple 18 and having a CO/H 2 molar ratio of 2.2 was con- 
centrated by an absorption method using a CuCI 
solution acidified with hydrochloric acid as an absorb- 
25 ent, thereby obtaining concentrated CO having CO con- 
centration of 96 %. 

[01 1 1 ] The catalyst according to the present invention 
shows considerably suppressed carbon deposition 
activity, while retaining activity required for converting a 

30 carbon-containing organic compound into a synthesis 
gas. By using the catalyst of the present invention, 
therefore, a synthesis gas can be produced continu- 
ously with a good yield for a long period of time while 
preventing carbon deposition. 

35 [01 1 2] Further, the use of the catalyst of the present 
invention can effectively suppress the carbon deposition 
even at a high pressure, so that a small size apparatus 
of producing a synthesis gas can be used and the 
device costs can be reduced. 

40 [0113] In the process for the production of carbon 
monoxide according to the present invention, the above- 
described specific catalyst is used in a synthesis gas 
producing step. This catalyst shows considerably sup- 
pressed carbon deposition activity while retaining the 

45 activity required for converting a carbon-containing 
organic compound into a systhesis gas. Therefore, the 
synthesis gas producing step of the present invention 
can continuously produce a synthesis gas for a long 
period of time with a good yield while preventing carbon 

so deposition. 

[01 14] Further, the use of the catalyst of the present 
invention can effectively suppress the carbon deposition 
even at a high pressure and with a small amount of C0 2 
feed, so that a small size apparatus of producing a syn- 

55 thesis gas can be used and the device costs can be 
reduced. 

[01 1 5] Moreover, since the synthesis gas obtained in 
the synthesis gas production step has a small content of 
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C0 2 , the concentration of CO can be efficiently per- 
formed with a small-sized device. 

Claims 

1 . A catalyst for producing a synthesis gas comprising 
a carrier formed of a metal oxide and at least one 
catalytic metal selected from rhodium, ruthenium, 
iridium, palladium and platinum and supported on 
said carrier, characterized in that said catalyst has a 
specific surface area of 25 m 2 /g or less, in that the 
electronegativity of the metal ion of said carrier 
metal oxide is 1 3.0 or less and in that the amount of 
said supported catalytic metal is 0.0005-0.1 mole 
%, in terms of a metal, based on said carrier metal 
oxide. 

2. A catalyst according to claim 1, wherein said cata- 
lytic metal is rhodium and/or ruthenium. 

3. A catalyst according to claim 1 or 2, wherein the 
electronegativity of the metal ion of said metal oxide 
carrier is 4-12. 

4. A catalyst according to any one of claims 1-3, 
wherein the specific surface area of said catalyst is 
0.01-10 m 2 /g. 

5. A catalyst according to any one of claims 1-4, 
wherein said metal oxide carrier is magnesium 
oxide. 

6. A process for producing carbon monoxide, which 
comprises a step of reacting a carbon-containing 
organic compound with carbon dioxide at an ele- 
vated temperature in a pressurized condition in the 
presence of a catalyst to produce a synthesis gas, 
and a step of concentrating carbon monoxide in the 
thus obtained synthesis gas, said process being 
characterized in that said catalyst comprises a car- 
rier formed of a metal oxide and at least one cata- 
lytic metal selected from rhodium, ruthenium, 
iridium, palladium and platinum and supported on 
said carrier, in that said catalyst has a specific sur- 
face area of 25 m 2 /g or less, in that the electroneg- 
ativity of the metal ion of said carrier metal oxide is 
13.0 or less and in that the amount of said catalytic 
metal is 0.0005-0.1 mole %, in terms of metal, 
based on said carrier metal oxide. 

7. A process according to claim 7 wherein said cata- 
lytic metal is rhodium and/or ruthenium. 

8. A process according to any one of claims 6 or 7, 
wherein the electronegativity of the metal ion of 
said metal oxide carrier is 4-12. 

9. A process according to any one of claims 6-8, 



wherein the specific surface area of said catalyst is 
0.01-10 m 2 /g. 

10. A process according to any one of claims 6-9, 
5 wherein said metal oxide carrier is magnesium 

oxide. 

11. A process according to any one of claims 6-10, 
wherein said carbon-containing organic compound 

io is methane. 
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